The purpose of these studies was to evaluate the influence of perfusate oxygen tension on hypoxic pulmonary vasoconstriction and to identify the site at which both alveolar and perfusate gas tensions stimulate hypoxic pulmonary vasoconstriction. Lungs from adult rats were ventilated and perfused in vitro at constant temperature, Pco2, and pH, with a perfusion circuit incorporating a membrane oxygenator that allowed independent control of the alveolar and perfusate gas tensions. Blood flow to the lung was constant (0.06 ml per g body weight per min), and pulmonary vascular resistance was therefore proportional to pulmonary artery pressure. In study 1, the pulmonary artery pressor response to zero or 22 mm Hg alveolar oxygen was measured when the perfusate oxygen tensions were approximately 8, 26, 41, 64, or 128 mm Hg. The pressor response as a percent of the maximum pressure change was progressively reduced as perfusate oxygen tension increased. For alveolar oxygen tension of zero; the pressor response = 128 -39 (Log PP O2 ) a n d r = 0.8 (P < 0.01), the effect of perfusate gas tension on the response to alveloar gas tension of 22 mm Hg was similar. These results demonstrate that the stimulus for hypoxic pulmonary vasoconstriction is a function of both alveolar and perfusate oxygen tension. In study 2, the response to alveolar oxygen tension of 42 mm Hg was measured with mean perfusate oxygen tensions of 130, 52, and 17 mm Hg. In six animals with forward perfusion, the responses decreased with increasing perfusate oxygen tension, as in study 1. In another six animals, with retrograde perfusion, the responses to alveolar hypoxia were not altered when perfusate oxygen tension was increased. These results demonstrate that the sensor region for hypoxic pulmonary vasoconstriction is precapillary. These studies confirm and extend previous hypotheses that alveolar and perfusate oxygen tensions together, determine the P02 at a precapillary site to stimulate hypoxic pulmonary vasoconstriction. (Circ Res 52: 691 -696, 1983) PULMONARY alveolar oxygen tension has long (Euler et al., 1946) been regarded as the primary stimulus for hypoxic pulmonary vasoconstriction (HPV), and a number of investigators have detected essentially no effect on HPV when pulmonary artery oxygen tension has been altered (Nisell, 1951; Duke, 1954; Reeves et al., 1962; Lloyd, 1964; Barer et al., 1969; Hauge, 1969; Hyman, 1975) . In contrast, others have reported that the pressor response to alveolar hypoxia was modified by the pulmonary artery oxygen tension (Benumof et al., 1981; Bergofsky et al., 1968; Hyman et al., 1981) , and a study from this laboratory suggesting such an interaction has led us to reexamine this controversy.
SUMMARY. The purpose of these studies was to evaluate the influence of perfusate oxygen tension on hypoxic pulmonary vasoconstriction and to identify the site at which both alveolar and perfusate gas tensions stimulate hypoxic pulmonary vasoconstriction. Lungs from adult rats were ventilated and perfused in vitro at constant temperature, Pco2, and pH, with a perfusion circuit incorporating a membrane oxygenator that allowed independent control of the alveolar and perfusate gas tensions. Blood flow to the lung was constant (0.06 ml per g body weight per min), and pulmonary vascular resistance was therefore proportional to pulmonary artery pressure. In study 1, the pulmonary artery pressor response to zero or 22 mm Hg alveolar oxygen was measured when the perfusate oxygen tensions were approximately 8, 26, 41, 64, or 128 mm Hg. The pressor response as a percent of the maximum pressure change was progressively reduced as perfusate oxygen tension increased. For alveolar oxygen tension of zero; the pressor response = 128 -39 (Log PP O2 ) a n d r = 0.8 (P < 0.01), the effect of perfusate gas tension on the response to alveloar gas tension of 22 mm Hg was similar. These results demonstrate that the stimulus for hypoxic pulmonary vasoconstriction is a function of both alveolar and perfusate oxygen tension. In study 2, the response to alveolar oxygen tension of 42 mm Hg was measured with mean perfusate oxygen tensions of 130, 52, and 17 mm Hg. In six animals with forward perfusion, the responses decreased with increasing perfusate oxygen tension, as in study 1. In another six animals, with retrograde perfusion, the responses to alveolar hypoxia were not altered when perfusate oxygen tension was increased. These results demonstrate that the sensor region for hypoxic pulmonary vasoconstriction is precapillary. These studies confirm and extend previous hypotheses that alveolar and perfusate oxygen tensions together, determine the P02 at a precapillary site to stimulate hypoxic pulmonary vasoconstriction. (Circ Res 52: 691 -696, 1983) PULMONARY alveolar oxygen tension has long (Euler et al., 1946) been regarded as the primary stimulus for hypoxic pulmonary vasoconstriction (HPV), and a number of investigators have detected essentially no effect on HPV when pulmonary artery oxygen tension has been altered (Nisell, 1951; Duke, 1954; Reeves et al., 1962; Lloyd, 1964; Barer et al., 1969; Hauge, 1969; Hyman, 1975) . In contrast, others have reported that the pressor response to alveolar hypoxia was modified by the pulmonary artery oxygen tension (Benumof et al., 1981; Bergofsky et al., 1968; Hyman et al., 1981) , and a study from this laboratory suggesting such an interaction has led us to reexamine this controversy.
The contradictory results appear to depend on the experimental conditions. Interpretation of the responses to HPV has often been obscured by inadequate definition of alveolar and perfusate oxygen tensions, and for in vivo states by the hemodynamic consequences of systemic hypoxemia. The present study, utilizing an in vitro rat lung, was therefore designed to allow separate control of the alveolar and perfusate oxygen tension with constant perfusate flow and ventilation. In these circumstances, the HPV responses to alveolar hypoxia are shown to be an inverse function of perfusate oxygen tension.
A second controversy concerns the site at which oxygen tension stimulates HPV. Whereas most evidence favors a precapillary site (Bergofsky et al., 1974; Glazier et al., 1971; Brody et al., 1968) others have suggested a capillary (Aviado, 1960) or venous (Morgan et al., 1968) contribution. The present study utilizing forward and retrograde perfusion in the same rat lung model confirms the predominately precapillary site for stimulation of HPV.
Methods
These experiments were divided into two studies. In study 1, the influence of perfusate oxygen tension (Ppo 2 ) on the pressor response to alveolar hypoxia was examined. In study 2, the site of HPV was investigated by forward or retrograde perfusion during exposure to hypoxic stimulation. The basic preparation consisted of a ventilated and perfused rat lung maintained in a constant temperature chamber. Whereas such models have been described previously (Hauge, 1969) , the present one was developed to achieve independent control of the alveolar and perfusate oxygen tensions. The special features of the preparations are described below for study 1 and illustrated in Figure 1 .
Study 1-Perfusate Oxygen Tension
Adult female Wistar rats were anesthetized with 30 mg/ kg pentobarbital intraperitoneally. A tracheostomy was per-formed and the animals mechanically ventilated. The chest was incised in the midline and the ribs were retracted, exposing the heart and lungs. Heparin (200 IU) was injected into the left ventricle. The right ventricle was incised and a T-cannula secured in the pulmonary artery (PA). One inlet to the T delivered perfusate to the lung, while the other was connected to a Statham P 23 transducer to measure the pulmonary artery pressure. Another catheter was inserted into the left ventricle allowing perfusate to return to the reservoir. The lungs and heart were removed from the chest cavity, and were suspended by the tracheal cannula, in a closed, humidified chamber ( Fig. 1 ). Perfusate flow was increased to 0.06 ml/g per min with the pulmonary artery pressure at approximately 15-20 cm H2O. Temperature probes were placed in the perfusate reservoir and the lung chamber.
The perfusate was prepared as follows. Fifty milliliters of blood were obtained from donor rats by means of cardiac puncture. To this were added 1000 IU of heparin and 10 mg oxycillin. The blood was filtered through a Bentley PFF-100 micropore filter to remove microaggregates and small clots, and was combined with an equal amount of physiological salt-albumin solution [based on the methods of Hansen and Bohr (1975) ]. Preliminary studies have demonstrated that this mixture consistently provides reproducible HPV responses for periods of at least 4 hours without formation of edema or deterioration of the responses. The pH was measured continuously and adjusted with sodium bicarbonate to maintain a pH close to 7.35 units throughout the experiment.
The perfusate was circulated by a Masterflex (Cole Pal-mer Co.) rotary pump (pump 1 in Fig. 1 ) from a reservoir through a Kolobow (S/N 64143) membrane oxygenator and back to the reservoir. The flow through the circuit (a, b, c, in Fig. 1 ) was approximately 200 ml/min, and gas flow to the membrane oxygenator was also 200 ml/min. As the perfusate left the membrane, a fraction of it (approximately 15 ml/min) was diverted by a Harvard peristaltic pump (pump 2 in Fig. 1 ) through a P02 electrode cuvette and an electromagnetic flow cannula to the pulmonary artery of the isolated lung (circuit d, e in Fig. 1 ). The left ventricular catheter, returning perfusate to the reservoir, was position so that the pressure of the left ventricle was zero. The temperature of the entire circuit was maintained by water circulating from a constant temperature water bath. The total perfusate flow through the oxygenator was therefore more than 10 times the fraction diverted to perfuse the lung. This arrangement ensured that the P02 of blood delivered to the lung was controlled by the membrane oxygenator and was not influenced by the P02 of the blood returning to the reservoir from the lung.
Premixed gases were used for both the membrane oxygenator circuit and the ventilation of the isolated lungs. The rat lungs were ventilated with humidified gases by a Harvard rodent ventilator at a rate of 180 ml/min. The expired gases passed through a mixing chamber with 2 cm of water of positive end-expiratory pressure. The lungs therefore were ventilated at more than 10 times the rate at which they were perfused, so that the perfusate oxygen tension had little effect on the alveolar oxygen tension. In summary, the alveolar oxygen tension was controlled by delivering inspired gas to the rat lung at a rate 10 times the rate of lung The lungs, enclosed in a temperature-controlled chamber, were ventilated with a Harvard rodent ventilator. Inspired gases were humidified while expired gas passed through a mixing chamber and positive end-expiratory pressure (PEEP) device. Perfusate from the reservoir was pumped through a membrane oxygenator by pump 1 and returned to the reservoir along route a, b, and c. Gas mixtures to the oxygenator were delivered by a line separate from that serving the ventilator. A second perfusate circuit diverted perfusate to the pulmonary artery of the lung via route d, e; this circuit was regulated by pump 2 and contained an oxygen electrode cuvette, a microaggregate filter, an electromagnetic flow probe, and a pressure transducer. Perfusate emerging from the lung was returned to the reservoir by a cannula secured in the left ventricle.
perfusion, while the perfusate P02 was controlled by circulating it through the membrane oxygenator at 10 times the rate at which the lung was perfused. Inspired and expired gas samples were drawn through oxygen (IL 407) and carbon dioxide (Goddart Capnograph) analyzers and were returned to the appropriate circuits. Constancy of the airway pressure, measured by a Statham transducer, indicated absence of pulmonary edema. Measurements were continuously recorded on a six-channel Grass polygraph.
Study Design
All gas mixtures identified below contained carbon dioxide (Fco, = 0.055). The lungs were ventilated for 30 minutes with an Fi^ of 0.21 to obtain a steady state baseline and were then exposed to an hypoxic mixture (Fio 2 = 0.03) a number of times to ensure an equal HPV responsiveness before continuing.
Subsequently, the lungs were ventilated with normoxic (Fio 2 = 0.21) or hypoxoic (Fio 2 = 0.03 or zero) gas mixtures, while the perfusate was equilibrated with zero, 0.03, 0.06, 0.10, or 0.21, FO 2 . With each perfusate gas change, approximately 20 minutes were required for the perfusate oxygen tension (PpoJ to reach a new steady state, following which the lungs were ventilated for 6-minute periods with the hypoxic (Fio 2 = 0.03 or zero) mixture alternating with 6 minutes of normoxia. The choice of hypoxic concentrations was predicated on previous studies which had demonstrated a maximum response when ventilating with zero oxygen, while 3% oxygen resulted in a response of approximately 50% of the maximum .
Study 2-Forward and Retrograde Flow
For the forward flow, additional rat lungs were prepared as described above. For the retrograde flow, rat lungs were prepared with the T-cannula delivering blood to the lung via the left atrium, and the cannula returning perfusate from the lung to the reservoir was secured in the pulmonary artery. The pressor response to HPV was recorded from the pulmonary artery with forward flow, and from the left atrium with retrograde flow. Circuit arrangement, perfusate, and general conditions were otherwise the same as for study 1.
Study Design
During forward or retrograde perfusion, the lungs were ventilated for 30 minutes with an Fio 2 of 0.21. The perfusate was equilibrated in the membrane oxygenator with gas whose F02 was 0.06. A baseline pressure was recorded and the lungs were then exposed to an hypoxic inspired gas mixture (Fio 2 = 0.06) 2 or 3 times to ensure a constant HPV pressor response.
Thereafter, HPV responses to 6 minutes of Fio 2 = 0.06 alternating with 6 minutes of Fio 2 = 0.21 were recorded when the perfusate was equilibrated with F02 of zero, 0.06, or 0.21. With each perfusate gas change, 20 minutes were allowed for a new steady state to be obtained before the HPV response was tested.
Calculations
For both studies at each change of inspired or perfusate gas tension, the mean pulmonary artery pressure (PAP) and airway pressures were recorded together with inspired, mixed expired, and membrane lung gas oxygen and carbon dioxide tensions, and perfusate flow and oxygen tension. At all times the entire circuit was equilibrated with a constant carbon dioxide tension, and the inspired and mixed expired gas tensions were observed to be equal within 30 seconds of changing the inspired Fo 2 . Therefore, alveolar oxygen tension (PAO 2 ) equaled inspired oxygen tension (Pio 2 ); measurement of Po 2 in perfusate leaving the lung had confirmed this conclusion in early studies.
For study 1, the maximal pressure response was calculated as the difference between the baseline PAP, when ventilating with Fio 2 = 0.21 and perfusate F02 = 0.06, and the PAP when both the inspired and the perfusate F02 = zero. The pressure response at all other combinations of inspired and perfusate F02 were expressed as a percent of this maximum (%Rmax). The procedure reduced the variability due to individual responsiveness between rats and is convenient for comparing stimulus-response relationships. With constant flow condition, changes in PAP and pulmonary vascular resistance are directly related. For study 2, the effects of forward and retrograde flow are demonstrated by comparing the changes in pulmonary artery pressure. Statistical analysis of the data utilized linear regression and analysis of variance with significance at P < 0.05.
Results

Study 1-Perfusate Oxygen Tension
Lungs prepared from 10 rats (body weight = 230 ± 17 g; mean ± SE) were studied with a perfusate hematocrit of 17.5 ± 0.7%. The general conditions were maintained constant throughout with Pco 2 = 36.2 ± 0.2 mm Hg, temperature = 36.5 ± 0.3°C, perfusate flow = 12.7 ± 0.6 ml/min and perfusate pH = 7.34 ± 0.01 units.
The baseline PAP was 16.0 ± 0.8 cm H 2 O and the maximum increase of PAP (%R m ax = 100%) was +25.2 ± 2 . 7 cm H2O when both ventilation and perfusate F02 were zero. The mean pressure response expressed as a percent of this maximum, together with the alveolar and perfusate oxygen tensions, are shown in Table 1 . Two-way analysis of variance (with alveolar and perfusate oxygen tension as the variables) confirms that the response to zero alveolar oxygen is significantly greater than the response to 3% alveolar oxygen, and, in addition, reveals that the response to both alveolar oxygen concentrations decreases as perfusate oxygen tension increases.
Regression analysis of response as a function of the logarithm of perfusate oxygen tension were calculated: In both cases, the correlation coefficients, r = 0.8, were significant. The PAP when ventilating with 21% oxygen was 16.0 ± 0.8 cm H2O when Ppo 2 was 43 ± 1 mm Hg. With the same PAO 2 the PAP pressure was 18.3 ± 2.4, 16.9 ± 0.9, 17.5 ± 1.7, and 16.1 ± 1.2 cm H 2 O when the P P o 2 was 6 ± 1, 24 ± 1, 62 ± 2, and 131 ± 7 cm H2O, respectively. These values of PAP were not significantly different by one-way analysis of variance. Results are mean ± SE from 10 rats. *, f Indicate significant (P < 0.05) differences by analysis of variance with Tukey's test. For zero or 3% alveolar oxygen: * = response with indicated perfusate oxygen significantly less than with zero perfusate oxygen. For 3% alveolar oxygen: f = response to 3% alveolar oxygen significantly less than response to 0 alveolar oxygen with same perfusate oxygen tension.
Study 2-Forward and Retrograde Flow
Six rats were studied with each flow direction (mean body weight of 12 rats = 214 ± 10 g). The general conditions were the same for both groups and, therefore, are combined here. Temperature was 37.1 ± 0.2°C; pH = 7.34 ± 0.01 units, Pco 2 = 38 ± 0.2 mm Hg, hematocrit = 17 ± 1% and baseline perfusion pressure = 11.3 ± 0.3 cm H 2 O.
The results are summarized in Figure 2 . The pressure changes when alveolar oxygen concentration was reduced from 21 to 6% are shown for each perfusate oxygen tension. The mean perfusate oxygen tensions were 130 ± 4, 52 ± 2, and 17 ± 1 mm Hg for membrane oxygenator gas concentrations of 21, 6, and zero percent oxygen, respectively. With forward flow, the pressor response to the same alveolar hypoxia were reduced significantly from 13.9 to 2.4 cm H2O to 7.1 ± 0.9 and to 3.8 ± 0.8, respectively, as the perfusate oxygen tension increased. In contrast, with retrograde flow, the effect of changing perfusate oxygen tension was eliminated; the pressor response to alveolar hypoxia was an increase of approximately 9.5 cm H 2 O with all perfusate oxygen tensions. Figure 2 also shows the derived least squares regression lines. The solid line, for forward flow, indicates a significant correlation (r = 0.76), whereas, the dashed line, for retrograde flow the concentration is not significant (r = < -0.04). Analysis of variance of the slopes confirms this conclusion that perfusate oxygen tension influences the pressor response to alveolar hypoxia only when the flow is forward.
Discussion
The observations of study 1 demonstrated that P02 of the perfusate entering the lung at the pulmonary artery has a direct influence on the HPV response to alveolar hypoxia. Although this concept is not new (Bergofsky et al., 1968; Hyman et al., 1981) , the results provide confirmation and a more complete description of the influence of perfusate Po 2 than has hitherto been available.
In the present studies, the ventilation (180 ml/min) was deliberately chosen to be more than 10 times the perfusion rate (approximately 15 ml/min). Measurement of inspired and mixed expired oxygen or carbon dioxide tensions did not differ within 30 seconds of changing the inspired oxygen concentration, and were independent of the perfusate Po 2 . In addition, the double circulation arrangement of the perfusate membrane oxygenator circuit allowed a specific value for Ppo, to be selected and maintained almost constant FIGURE 2. influence of perfusate oxygen tension on pressure response to 6% alveolar oxygen is shown. With forward flow (solid line and filled circles), increasing perfusate oxygen tension reduces the observed pressure response but not with retrograde flow (dashed line and crosses). The mean ± SE are indicated together with the linear least squares regression equations for the lines. and independent of the inspired oxygen tension of the lung. Of the several previous studies that have not detected an influence of perfusate P02 on HPV (Nisell, 1951; Barer et al., 1969; Hauge, 1969; Hyman, 1975) , most did not adequately define or control the alveolar and perfusate oxygen tensions, and for the in vivo studies, an additional difficulty is introduced by the circulating response to systemic hypoxemia. For these reasons, the suggestion that species or age may determine the influence of perfusate or mixed venous P02 (Hyman, 1981) should be regarded cautiously.
The results demonstrate that the size of the HPV response is an inverse function of both PAO 2 and Ppo 2 . For either zero or 3% inspired oxygen, the pressor reponse was increased as perfusate oxygen tension was reduced, with a maximal response when both perfusate and inspired gas contained zero oxygen. It has been noted previously that the in vitro stimulusresponse curve is apparently shifted to the left (i.e., is less sensitive) compared to the in vivo curve Barer et al., 1970) , and thus it is probable that, in vivo, the influences of Pvo 2 will become evident at higher oxygen tensions. Changing perfusate P02 when the lung was ventilated with 21% oxygen did not alter pulmonary artery pressure. These observations are consistent with a sensor region for HPV influenced from one side by alveolar oxygen and from the other by perfusate oxygen that is arranged so that alveolar oxygen has a predominant effect.
That the site of this sensor region is precapillary may be inferred from study 2. Perfusate P02 was demonstrated to influence HPV only when the flow was forward and not when retrograde. A precapillary region, such as the wall of the small muscular pulmonary arteries illustrated in Figure 3 , will be influenced by oxygen tension diffusing from both the surrounding alveoli and the contained blood. With forward flow, the contained blood was the oxygen tension of the perfusate and, therefore, exerts its own effect on the sensor. However, with retrograde flow, the perfusate oxygen tension equilibrates with the alveolar oxygen tension before reaching the arterial sensor and, therefore, the perfusate oxygen tension no longer exerts an effect. Study 2 therefore confirms and extends the conclusions of other investigators concerning the precapillary site for the stimulation of HPV (Bergofsky et al., 1968; Glazier et al., 1971; Brody et al., 1968) . Fishman (1976) in discussing some alternate sites of constriction with HPV, commented that with forward flow, constriction at a venous site might result in edema. It is therefore interesting to note that the reason for selecting an F102 of 0.06 in study 2 was because preliminary studies demonstrated that more severe alveolar hypoxia regularly caused edema when flow was retrograde, thus providing additional support for the concept that the region for sensing and responding to hypoxia is precapillary. This study has further confirmed the precapillary site for the stimulation of HPV and has demonstrated that it is the combined alveolar gas and pulmonary artery blood oxygen tensions that stimulate HPV. ARTERIES VEINS FORWARD FLOW 130 REVERSE FLOW FIGURE 3. A sensor region for HPV is hypothesized in the wall of small muscular pulmonary arteries that is influenced directly by the oxygen tensions of both the alveolar gas and the pulmonary artery blood. With forward flow (upper diagram), the influence of perfusate oxygen tension is consistent with this concept, and the final response reflects both the alveolar Po 2 of 42 and the perfusate Po 2 of 130 mm Hg. When flow is reversed, the perfusate P02 of 130 is reduced by equilibration with the alveolar gas in the pulmonary capillaries, and its tension becomes 42 mm Hg. The precapillary site of the sensor region is therefore identified by the abolition of perfusate influence on HPV when flow is retrograde.
